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I. Backpround For Development

As competition inlensified and water sources became limited, success-
ful irrigation farmers reduced Jabor input and increased application effj-
ciency of their itrigation. Sprinkler systems, such as the center pivot,
enabled them to do both. While energy costs were Jow, the economic
feasibility of sprinkler irrigation was sound, But eneigy costs have risen
without comparable increases in prices of farm products. Rising energy
prices drastically reducc the net returns of farmers whose sysiems con-
sume large amounts of expensive energy. The limited supply of fossil
fuels and their rate of depletion signify eventual shortages and continving
increases in cnergy prices. Consequently, assessments were made of
where energy was being used in irrigated farming systems. Between 30
and 45% of the nonsolar energy involved io raising a crop of sprinkler-
irrigated corn or wheat in the western United States is consumed in irriga-
tion (Pimmental, 1980) when pumping from surface water, For crops such
as beans or alfalfa, which require little or no nitrogen fertilizer, the energy
used {0 pressurize water for sprinkling can be as high as 60 to 80% of the
total. The energy required for sprinkler irrigation is commonly three to
five times that required for operation of trucks and tractors on the farms.

1t became apparent that irrigation methods requiring less energy input
must be developed if irmigated farms are to remain economically viable,
Substantial headway has been made toward decreasing Lhe energy inpul
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10 sprinkler irrigation. However, practical considerations indicale that a
lower limit of energy consumption of about 40% of the original levels will
stitl be necessary for sprinkler irrigation. Farmers who can achieve de-
sired application efficiencies with improved surface irrigation systems will
avoid one of the major energy costs involved in their farming operations.

In 1979 funds were appropriated o the Agriculiural Research Service of
the United States Depariment of Agricullure 1o develop systems and
management practices which would reduce the vulnerability of irrigation
farmers to increasing energy costs. Cablegation is a producit of that re-
search. It is currently in usc on over 70 fickds in eight of the western
United States.

1t. Description of the System

Cablegation is an automated method of supplying water for surface
irrigation. The system can save labor and water compared to other sur-
face application methods.

A. Fok SUPPLYING WAITER 10 FURROWS

I. The Physical System

Cablegation (as described for furrow arrigation by Kemper of of., 1981)
is o Torm ol galed-pipe system. The gates or oullets are positioned near
the top side of the pipe and are always open. The pipe is laid on a precise
grade, und a plug moves slowly through the pipe, causing watcer to flow
through the outlets, in sequence, 10 furrows in the field.

A pipeline is used both to convey the water along the top cdge of the
ficld and to disiribute equal amounts to each furrow. The pipe is sized
large enough to carry the water flow on the available slope without com-
pletely filling its cross section (Fig. 1). Outlets are placed near the top of
the pipe’s circumference (offset 20 to 30° toward the field from the pipe’s
verticat centerline) and spaced lo correspond to the spacing thal will be
used for the furraws or corrugates during the crop rolation cycle. Water
flows in the pipe below the level of the outlets until it approaches the plug.
This ubstruction causes the water to fill the pipe and flow from cutlets
near the plug. Hydraulic head in the pipe increases until the sum of flow
rates from the outlets is equal to the supply rate. The oultlets near the plug
are under the highest head and deliver water at a maximum rale, whereas
those farther upstream from the plug flow at lower rates, as indicated in
Fig. 1.
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serving Mimsws. Pipe cross seclions show water levels upsirean from the plug.

To astomate the system, the plog is allowed 10 move downslope
through the pipe at o controlled rate. A cable on a recl al the inlet struc-
lare is attached to the upstream end of the plug. The rate al which the
cable is rected ont determines the rate at which the plig moves and at
which irrigation progresses across the fiekd. The water pressure provides
the force to move the plug.

As the plug moves past a specilic outlet, watler flows out of that vutlet al
a relatively high rate. As the plug moves further down the pipe, the flow
rate from the specific outlet decreases and eventually drops to zero. Thus,

a cutback flow is provided.

2. fFurrow Supply Rate Changes

a. As Affected by Time and Plug Speed.  Pigure 2 shows the effect of
tisne and plug travel speed on the supply rate of water to a furrow when
the pipe slope, outlet diameter, and the system supply rate arc constant.
Initial furrow supply rate is high, which helps advance water down the
whale furrow guickly. Then the furrow supply rale diminishes, resulting
in less runoff than when supply rate is conslant. The total irrigation time
and gross application for a given system supply rate are determined by the

plug travel specd.
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Fra. 2. Effect of time and plug speed on furrow supply rate after plug bas passed the
hole serving thal firrow,

b. As Afjected by Differences in Total Supply. Note that as pipe sup-
vy rates O approach maximum pipe-capacity flow rates (that is. ¢/Q. —
B, the supply to a furrow is prolonged at low rates. This ‘‘outlet dribhle"
generally waters only the upper end of the field and increases the nonuni-
formity of irrigation. Consequently, pipe supply rates @ should be less
than 0.85Q.. '

One way lo decrease the furrow sppply mite is 1o decrease the systemn
supply rute. However, as indicated in Fig. 3, reducing the system supply
rale Q from 0.8 to 0.4 of its maximum capacity (. decreases the initial
furrow supply rate by only about 20%. Time of furrow supply is decieased
more than flow rate by such reductions in system supply rates.

One farmer with two cablegation systems with fixed-size outlets uses
this Jimited flexibility by splitting his water between the two systems on
mast irrigations, but applying his total supply rate to one field 2t a time
during the first irrigation following plowing.

The limited increase in furrow supply rate that can be achieved by
increasing pipe supply rate is often not sufficient to match high infiltration
rates that occur throughout a season or from season to season. One means
of achicving this malch is to decrease the furrow intake rates. In some
cascs, this can be achieved by compacting the furrow (e.g., Kemper ef
al., 1982) or by practicing surge irrigation (e.g., Bishop er ai.. 1981).
However, most farmers to date have chosen to install adjustable outlets
which allow them to match a broad range of furrow intake rates.
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Fic.1. Distribution of outfet flow with supply at varicus fraclions of pipe flow capacity.

c. As Affected by Outlet Size. The magnitude of change in furrow
supply rate that can be achieved with change in outlet size is indicated in
Fig. 4. If the pressure at lhe outlet remaited constant, low would be
proporiional 1o the atea of the outlet, or the diameter squared for round
holes. However, as outlet size increases all along the pipe, the pressure of
water in the pipe decreases and the initial flow rate is approximately
proportional 10 the three-halves power rather than the squared power of
the round ontlet diameters.

B. YorR Surr..yiNG BORDERED STRIPS

Bordered strip irrigation is often the most efficient method for surface
irrigating close-growing crops such as alfalfa, pasture, and small grain
(Booher, 1974). It is often an effective method of achieving reasonably
uniform itrigation on high-intake-rate soils. Relatively narrow strips, bor-
dered by dikes 10 to 15 em high, are leveled or graded so theare is no side
slope. Water is introduced at the top end of such strips al high rates to
push it over the strip quickly. Use of laser technology has allowed precise
grading of such strips and allowed farmers 1o surface irrigate high-intake
soils with satisfactory uniformity.

An unavoidable consequence of concentrating the water on such a
relatively small area is that it must be changed to a new area frequently.
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Farmers have observed that bordered strip irvigation almost forces them
to “‘live on the supply ditch.”’ Figure 5 shows a form of cablegation
adapied to bordered strip irrigation. In this form, the pipe is buried to get
it out of the way of grazing animals and farm equipment. Risers from the
pipe provide a supply of water to each bordered strip in sequence, begin-
ning as the plug passes that riser and stopping when the plug passes the

CABLEGATION SUPPLY LINE FOR BORDERED STRIPS
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Fic. 5. Cablegation system adapied to bordered strip irrigation.
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next siser if the difference in elevation between the risers provides suffi-
cient head (o push the total supply rate out of the lower riser (i.e, top
sequence in Fig. 5). If total supply rate is increased, as indicated in the -
second sequence of Fig. 5, a reduced flow may continue from the second
riser upstream from the plug. Further increases in total supply rate can
maintain Aow from the third riser upstream from the plug. This provides a
reducing supply rate, somewhat similar to that provided for furrow irriga-
tion. Partial blocks on the outlets, increasing their resistance to flow, can
also spread the water out over more risers when system supply rate is
constant. The type of system shown in Fig. 5 can also be used on level
basins.

A common conslraint to applying cablegation to borders and basins is
inadequate field cross slope to provide the elevation drop between risers
required 10 discharge the desired flow from economically sized outlets.
Exira grade required to operate the system can be generated by elevating
the initial outlets and installing the outlets on a steeper grade than the
ficld, as shown int Fig. 6. This solution does require sufficient water supply
head at the inlel (o operate the first outlet.

C. BENEFIIS DERIVED

Due o the automatic nature of cablegation, labor is saved. The need to
adjust individual outlets is reduced. Since duration of irrigation can be
adjusted without imposing restrictions on the farmers' schedules, applica-
(ion amounts can be closely matched to crop needs and soil characteris-
tics. The decreasing application rates more closely match most soil infil-
{ration rates and can thus advance water quickly across the field without
causing high runoff. Cablegation runoff is fairly constant over time and

can be efficicntly reused.
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B). APrLICABILITY

Cablegation can he used on most fields where other forms of surface
irrigation have been, or could be used. Qutlets along the pipe must be on
grades of at least 0.002 m/m. Methods for achieving these grades when
cross slope is less than 0.002 m/m will be outlined in a following section.

1. Rasic System Components

A. I'iee 517E AND GRADE

Lipe size needed is determined by watee-supply rate, slope on which
the pipe will lie, roughness of the pipe walls, and temperature {viscosity)
of the water. For practical purposes, irrigation water is assumed to have a
temperature of about 20°C. Al this viscosity, the Hazen-Williams formula
relating the remaining factors is

S = 6.17 x 104Q/CYSDH-+¥ n

Or
0. = 2.15 x 10-4CS}¥D2 (Ja)

The term S is the head gradient along the pipe in meters per meter due
to friction. @, is the flow rate in liters/minute, D is the inside diameter of
ihe pipe in millimeters, and C is the roughness coefficient of the pipe. This
“roughness’’ coefficient is actually larger when pipes are smoother, For
instance, the value of C is about 150 for polyvinyl chloride (PVC) pipe,
and for rongher aluminum pipe a value for € of 130 is commonly assumed.
Depcnding on the conditions of use, nutrients in the water, etc., the pipe
may need to be cleaned occasionally to maintain these coefficients.

To avoid prolonged dribbling as flow from outlets in the cablegation
pipe decreases (see Fig. 3 and the related discussion for the reasons for
Lhis recommendation), it is recommended thal pipe size be large enough
s0 the head loss calculated from Eq. (1) will be less than 75% of the grade
on which the pipe will be laid or, equivalently, that Q be no more than
R5% of Q. calculated from Eq. (1a).

The pipe must be placed and maintained on a precise grade to achieve
desired uniformity of water delivery. When the grade is low (<0.4%), pipe
(or outlel) elevation must be maintained within 1 ¢cm of the designed
grade. Pipelines placed on steep slopes can generally tolerate more varia-
tion from the designed grade than those on flat slopes and still maintain
reasonably uniform delivery. If the pipe diameter is somewhal larger than
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that needed to carry the flow, outlets in sections of pipe which have
settled slightly below designed grade levels are less likely to continue to
dribble as the plug passes farther downstream. Changes in grade between
sections along a cablegation pipe require changes in oultlet size to achieve
the same furrow supplies in both sections. The minimum slope at which
carefully laid cablegation pipes have worked properly with practically
feasible maintenance is 0.002 m/m.

Because of current price considerations and the resistance to degrada-
tion when the pipes are in contact with soil, PVC pipe has been used
extensively to date. Any schedule or type of pipe can be used in cablega-
tion systems as long as there are no infernal constrictions which will stop
the plug and the pipe is sufficiently rigid to maintain a reasonably round
shape. Polyvinyl chloride pipe (IPS, gated, and PIP schedules) and alumi-
num gated pipe have commonly been used. Plastic pipe exposed to sun-
light should have vltraviclet inhibitors to prevent rapid deterioration.

B. TRAVELING PLUGS AND PIPE FITTINGS

The pluig must fit snugly inside the pipe to minimize leakage past the
plug, but it must also slide down the pipeline as tension on the cable is
refeased. Many of the original plugs were constructed using commonly
available plastic bowls or buckets, as indicated in Fig. 7. Each bowl was
clamped between metal plates spaced about one pipe diameier from cach
other as shown in Fig. 7. Two bowls were used to maintain alignment of
the plug in the pipe and to improve sesling. The circumferences of the
bowls were trimmed so they would just slip inside the pipe. Most PVC
pipe has uniform inside circumference. When pipe sections are deformed
to oval shapes, the bowls deform also and maintain reasonably good
seals.

Reductions in pipe circumferences are formed on the male ends by
some manufacturers 1o streagthen the ends and facilitate easy coupling of

Trreaded Brost
Fyr Haak

Fic. 7. Plug constructed using high-density polyethylene salad bowls as gaskets.
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the pipe. These reductions shoubd be avoided il possible Becare thiey
tend 10 coteh and hold plugs and reduce the carrying capacity ol pipe.
Htowever, many farmers wha already have aluminum galed pipe with
soch 1ednctions have converted to cablegation. H the pipeline is 1o remuin
in place. the best soltion is o cut off the constricied ends. However. il
the Launers move the pipe annvally they are reloctint to remnve the
strengthened and comstricted ends. Plugs required to go thiough such
conshrivtions must have ability to compress. The polycthylene bowls il-
Justuated in Fig. 7 do not Jutve this ability. However if the polycilivlene
bawls are slotled as indicated in Fig. 8. they ciar peneeally pass throaeh
such consirictions,

Commercially mamthactored plogs are now avaikible where the non-
compressible plastic bowls have been replaced by compressible fexible
IPVC gaskets (Fig. 9). These gaskets flex sufficiently 1o pass the constric-
tions common in T-littings. the rolled male ends of abuninum gated pipe.
the insides of gates. ete. However. in constructing the pipeline it is best to
keep the inside of the line as smooth and uniform as possible. Torn-
stance, when large risers are uceded, saddies cemented around holes el
in the pipe do not Torm constrictions i the pipe of the 1ype Tornwed by
st cist UAiltings,
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Feakage past the plugs range from nearly 0 up 1020 hitersfnsn and i
generally negligible in systems carrying 1800 1o 6,000 léters/min,

O s wrr R s

The cable mast hold the torce of the pressie head aganst the plug, e
drig o the water o the cable, and any surge furees resulting trom sudden
changes in rate of plug travel or water supply vate, This has regineed
cables 1o control loads from 11} to 300 kg, depending primarity on the
slope, dianmetes Ciund depth of the pipeline. Cables used fave ranged from
40-kp 1est braided Dacron fishing line to steel and polypropylene cibles
with over 300 kg test strength. As larger diameter cables are used. the
dimensions ol the reels most be increased 1o store @ greater volume of

vable.

The teel s designed to store the cable between prigations and to il
ihe cable to the paid out at the desired rates during irrigating. Whea a
reasonably constant specd is desired, the effective diameler of the el

i 9 Pl sl coinpressible, hexible PYC gaskets desgied o) it tued Lo
cabilegation (0 ool Uablegation Contrels, Loe . Ronte 4, T70H b st 30HY S, % o
dell, Dol i85~
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the drum width must be sufficient lo store
t oo much buildup of cable on the reel,
of being released from the speed control
manually rewound onto the reel at the end
s been removed from the end of the cable.
various cable sizes and field layouts are
legation Manual (Kemper er af., 1985).

n in Fig. 10 have been used for many
the bolt and spacer pasitions reel diam-
hieved. Width of the reel is determined by

M8

ug down the pipe. The rate of the plug's
veral types of mechanisms depending on
The power required for speed control can

ter on the plug which is exerted on the
he waler on a paddle wheel. de batteries,

nly used type of controller is the ‘' wa-
(1985). The basic components of wa-
in Fig. 11. Torque exerted hy the cable

sheel piper) cut Lo lepgth of desiced rewt width

Steet Oisk ¥ 4mm

_________________

d-mm Holey

Adjnstable recls.

CABLEGATION
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Fri. 11, Waterhrake type of

on the reel tends 1o tum the attached w
of the waler race, valved baffle plates (c
Box 242, Hansen, 1daho 83334, and illus
water in the race and push it higher on
torque it exerts on the connecting sha
supports, balances the terque exerted ¢
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Fig. 12, Raffle plate and stol valve Inse
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Jotation of the rice and reek s incrcased by incrcasing the sice ol the
opening in the baffle plates by backing the threaded rod omt of the slot,

The most technotogically advanced type of controfler developed to date
waes a microprocessor-controlled timer 1o activade a solenoid which re-
leies o kateh on the reel and allows the vee! 1o make one G before i
latches again b.c.. Fig. 13, cowrtesy of Cablegation Controls, fae., 1718
Iast. 3000 South, Wendell, Tdaho 83355). To keep the reel votation speed
down and avoid sudden stops and associated stress on the fach and cable,
the 10e! is coupled to i hydranlic ppmp. A valve in a kline directly connecl-
ing the pump inlet and outlet vestricts the hydranlic Quid Now and slows
the vate at which the pump and reel can turn.

Other controllers utilizing ac electric power, wet clt Phaticries, o pad-
Ale wheels imposed in the flowing water (C.g.. Kemper ef af.. 1985 pp. 6,
180, 18 1) are also being used 1o control the rate of cable and plug move-
menl in the pipe.

Pie 10 Flectionic timed-release conteddler (Coiglesy of Cablegation £ o af~ e
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E Ok as: Foat Supir viNG I URROWS

a. Purpose of Outlets. An outlet is normally reguired to supply water
for cach irrigation furrow. Outlets can be installed directly on surface pipe’
or can be attached o risers from buried pipe.

Ontlets often fullill purposes in addition to walct distribution. Adjust
able outlets allow Aow rates to be varied with soil intake rate changes.
They also give i system flexibility and simplify design. A disadvantage ol
adjustable outleis is that they allow the unconscientious irrigator to sel
water nonuniformly. Encrgy-dissipating outlets reduce the outflow jel
velocity and redirect the Mlow toward the soil swiface. This reduces ero-
sion at the head of the furrow and prevents the jet from being blown away
from the furrosw by wind. Linergy dissipation aml redivection of the jetare
commonly needed when presswres at the plug are grealer than 400 .
Cutolt outlets abruptly stop flowing when the flow rate decreases below
eritical value. This improves intake unilormity by reducing or climinating
tail-endd recession.

b Prediciine Bischarge from Outlens. The Mlow through an outlet i
proportional (o the Bow cross-sectional amea and (o the square root ol the
head or presswe and can be caleulated by the outlet-discharge T

g CaARgin"? 1)

where ¢ is the ow e, Ca is the discharge coctlicient which will vary
wilh the shape and conliguration of the outlet, A is the area of the ontlet
constriction tnarowest poi), g is the pravitil ol seceletation aud £ s
the head (pressure) on the outlet.
When ¢ is in liters/minule. A i in square millimeters, and o~ m
millimeters
i OOOBHC AT (R

¢, Slide Gates Made for Standard Gated Pipe.  Flexible plugs v,
Figs. 8 and 9) will migrate past regular gated-pipe slide gates. These slide
gates, manufactured in large quantities, are the feast expensive adjustable
type of outlet. Vse of gated pipe with precut rectangular holes eliminates
the need 1o deitl holes 1o atlach outlets. The flow area of standard wiide-
open stide gakes 18 about 1450 mm?, or cquivalent 10 a 43-mm-diamele
round hole. Discharge cocflicients decrease from about 0.8 when the gide
is neardy closed lo 0,65 when it is open. Some irrigators depend on then
visual perception to adjust gates to aniform Mow. Coeflicients of variation
of the resulting flows depend somewhat on the farmer, bul commuonly
range around 257 Cocfficients of variation can be reduced 10 asound 77
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if a wooden or metal gauge of the desired width is inserted into each slot
:md the gate closed against this gauge to achieve more uniform openings.
Slide gates do not provide significant energy dissipation and thus they
are not normally recommended in systems which develop heads greater
than 400 mm. Slide gate gaskets and spring clips deteriorate over lime and
may illow the gates to move easily. Cablegation plugs can move such
loose gates, changing the openings. Loose gates should be replaced or
tightened by placing a rubber strip between the gale and the pipe wall.
Il water supply 10 a cablegation line siops, pressurc against the plug
diminishes and the somewhat elastic cable will often pull the plug up-
stream past a few outlets. The upstream angle of the gaskets on the plug
will hook sufficient!y on some types of gates to slide them. Triad Corpora-
tion (P.0O. Box 130, Alda. Nebraska 68810} now manufactures pates which

can be tocked in place,

d. Outler Design. Outlets have heen desigtied to dissipate energy,
tedirect and adjust the low, and cut off the dribble. Figure 14 shows a
ty pe of outlet which provides adjustability, energy dissipation, and citofT.
It can he attached directly to the pipe with the rubber bushing. or to o riser
wilh o slip coupler. Removable orifice disks, nvailable in several sizes
fiom 12- to 22-mm diameter, are inserted into the coupler or bushing.
Adjustment requires slipping out the gooseneck and replacing the disk.
The pooseneck directs the flow to :nd parallel with the so0il surface. Since

Slip Coupler

Soil Surfoce

Cablegation
Pipefine

Fri 14 Gooseneck outlet on a riser. (Couriesy Cablegation Controls, Inc.)
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the outflow cuis Iaeger than the constricting erifice disk at all but the
maximum fline rate, the outlet generally provides energy dissipation.

The goe wneck outlet pperates as a <siphon, and the putllow end deter-
mings the reterence elevation. When the flow rate decreases below a
critical value, vir moves up the tube and breaks the siphon. The cutoit
flow tor e 25 srun - diameter gooseneck is about 15 titers/min. As long as
the hel requited to provide this critical cutoff flow is less than the beight
of the top of the pooxeneck above the omdflow cad, the cntolt will be
complete.

Because the caiflow end of the gooseneck establishes the reference
outlet vlevation, it is important that the end be on grade. Goosenecks
which tip upward ar sag will discharge relatively less or more water. This
can result i -ienificmd nontmtforntty i svstems with lite slope along
the pipe.

An adaptation of the goceseneck cutlet made from PV pipe and ABRS
plumbing littings is showa in Fig. 15, When drop tobes are vented just
below the erifice disks, the vrifice disks, rather than the cutflow ends,
hecome the cfivctive outlets and conformance of theu elevations to the
desued gradde is the primary prerequisite for uniform furrow supply. This
type of ootlet with risers has been nsed to create the desired grade on
ontlets from + cablegation fine on a field with no cross slope. They can
also be used o centinue a cablegatinn line across a fow area without
constructing an clevated pad

S IR e

- Qrifice Disk

Air vent

T Tuhe _Z

S3O%E Ihow

o N i e, B NN N

Fo:s 15 Moddified goovenes boontled
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Like the gooseneck siphoning outlet, this outlet will also cut off the flow
below a given rate. Due o the air vent in the drop tube, the orifice
constriction forms the effective outflow end of the siphon. Consequently,
the cutoff rate which occurs at a relatively constant flow velocity at the
outflow end will vary with the orifice size. The cutoff flow rate will thus be
proportional to the flow rate at any given head. This allows some control
in setting not only the maximum flow but also the cutoff flow for a soil's
infiltration characteristics.

Barrel spigots can be used as outlets for cablegation systems. They are
essentially plastic tees through which a capped, slotted pipe slides. When
the pipe is rotated, the slot lines up to varying degrees with the leg of the
tee, thus adjusting opening area and flow rate. Standard barrel spigots for
19- and 51-mm taps are commercially available. Irrigation outlets of the
spigot type such as shown in Fig. 16 are also commercially available in a
25-mm size. They can be attached directly to the pipe with threaded
rubber bushings or with the slip-in bushings of the type indicated in Fig.
14, AH three sizes can be attached to risers with threaded couplers. Bush-
ings are also available which allow the 25-mm version shown in Fig. 16 to
snap into standard rectangular gated-pipe slots. All can be adjusted (v any
setting. When outfets such as that shown in Fig. 16 have selting markings,
they can be set with sufficient precision to altain coefficients of variation
of flow that are less than 4%,

For all except wide-open operation, outflow ends of spigot type outlets
are larger than the constrictions and the outlet provides some energy
dissipation. The amount of dissipation depends on the length and diame-
ter of the outflow pipe. Spigot type outlets redirect the flow 90°, which

Fi:. 16. Barrel-spigol-type oullet {courtesy Aqua Controls, P.O. Box 101, Rupert.
1dahg 83351).
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directs low down toward the ground and practically eliminates an elfect
of the wind on destination of the water. '

When spigot outlets are installed at an angle as indicated in Fig. 16 and’
have a fairly long outflow pipe, they can act as a siphon-type cutoff outlet.
However, when elevation difference between the ontflow end and the
outlet high point is small, the cutoff will be complete only at large open-
ings. At smaller openings, the cutoff head will be above the outlet high
paint, and the flows will abruptly decrease as air enters the outlet and as
the reference elevation switches from the outflow end to the slot, but they
will not cut off completely. Rotating the outlet downward (but not below
the free-flow waiter surface) will increase the elevation difference between
the slot and the end and improve the cutoff. Rotating the outlet upward to
a horizontal position eliminates the cutoff effect.

1V. Models and Design

A. FIRST APPROXIMA LIONS

When the minimum slope of the planned cablegation line is known, it is
relatively simpte 10 use Eq. (1a) with available pipe diamelers to deter-
mine which pipe size will carry the desired total supply rate. For reasons
depicted in Fig. 3, the pipe should have a cacrying capacily Q. at least .18
(= 1.0/0.85) times the maximum anticipated supply rate Q.

If adjustable outlets are to be used. the only other essential information
needed for design are the maximum and minimum required supply rates to
the furrows. The range of outlet sizes required and the water pressure
created behind the plug, and thus the need for energy dissipating oullets,
are related to the slope of the pipeline and furrow supply rates needed.
The interrelations are efficiently and accurately calculated by using the
models and design relationships discussed in the following section.

Maximum orilice size needed can be estimated as follows. First, divide
the total supply rate (Q in liters/minute) by 0.6 and by the maximum
furrow supply rate {gm in liters/minute) needed. This quotient approxi-
mates the nuinber, N, of outlets that will be flowing. Multiplying this
number of ouitels by the distance between outlets (L in millimelers) and
the slope {5) of the pipe gives the elevation difference between the up-
stream outlet where water has just stopped flowing and the outlet immedi-
ately upstream from the plug. Some of this head is dissipated by friction in
the pipe seclion between the outlets. However, when the totat supply rale
is kept to less than 0.85 of the pipe capacity, abont 60% of that head (0.6 +
0.2) is generally still at the outlel immediately upstream from the plug.
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Consequently, the minimum head Hyy, (in millimeters) at the outlet imme-
diately upstream from the plug is approximately

Huin = 0.6NLS = 0.6(QLS/0.6¢n) = OLS/qnm ()

‘The maximum head on a system (H,,,.) may also be estimated using Eq.
(4) by replacing g, with the minimum furrow supply rate anticipated al the
ontlet immediately upstream from the plug and considering whether these
will be occasions when only every other furrow will be supplied with
water and therefore the distance (L) between flowing outlets will be dou-
bled. A form of Eq. (3). written explicitly to determine the maximum
autletl orifice areas, i.e.,

Amax = N9Gmax/(CoH o) (5}

can be used to estimate the maximum outlet area {in square mtillimeters)
needed.

If the maximum head at the plug (Ha.,) exceeds 400 mm, outlets pro-
viding energy dissipation and/or redirection of the water are recom-
mended. If more precise design parameters are needed they can be ob-
tained from the following calculator and computer models.

1. MopEeLs

I. NMurpose

A mathematical cablegation model was developed to provide medic-
tions of cutlet flow rates as a function of total water supply rate, pipe size,
type and slope, outlet size and spacing, plug speed, and time. It is also
used (o provide visual displays of the relationships such as these shown in
Figs. 2-4, The model has been experimentally verified (Goel ¢1 al., 1982,
and numerous unpublished studies by the authors). Inputs of specifica-
tions such as pipeline slope(s), total water supply rate(s), outlet spacing,
furrow supply rates, elc., into the model enable potential installers of
cablegation systems to predict how the system would work before making
major investments.

The model, and expansions thereol, have also played a major role in the
development of cablegation system improvements. For instance, the by-
pass concept for minimizing end effects, discussed in Section V., was
evaluated by, and eventually incorporated into the design model.

1. Developments for Handheld Calewlators and Compurers

a. Hydraulics Analysis. The schematic diagram (Fig. 17) of a cablega-
tion pipe with outlets placed near the top shows the relationship of the
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energy gradeline and hydraulic gradeline to the pipeline and outlet eleva-
tions. The piezomelric head is measured from the center of the outlets.
Friction losses are computcd based on full pipe flow. .

The energy equation is used to determine the difference in plezomell ic
head, /.., — h,, belween two adjacent outlets, Thus,

hivo = b= SL — by = ho + (Vi — Vi )28 {6)

where V; is the velocity in the pipe, immediately upstream from the ith
outlet, in meters/second; g is the gravitational constant, 9.81 m/sec?; § is
the slope of the pipefine between the two outlets; L is the outlet spacing;
in milimeters; #; is the loss of head due to friction between the two
outlets, in millimeters; and hy is the loss of head due to branching flow at
the jth outlet, in millimelers, T }

The friction loss, /i, in millimeters is calculated by the Hazem—Wnlhamq
equation previously discussed as Eq. (1).

b. Outlet Discharge. The discharge, g, from an outlet is given by Eq.
(3). The orifice discharge coefficient is usually assumed constant, How-
ever, laboratory studies showed that C, for outlet orifices cut into the side
of cablegation pipes is not constaat but is dependent upon the mtio of the
piezometric head to the velocity head. In a cablegation system, the flow
condition near the plug is low velocity combined with high piezometric
head. Moving upstream, the velocity increases as the piezometric head
approaches zero and the C, value decreases appreciably.

+- top sulMIT emitling woter

S _rh— IPIgy srodelne = haltom oulisis smittlag water =
] --.._--_..-:
virag -—

i

Fic. 17. Hydraulic parameters used in the cablegation model.
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The ratio, ry, of piezometric head 10 velocity head is
r, = hi(V42g) ¥)]

The discharge coefficient begins to decrease appreciably when rp, < 10
(Kincaid and Kemper, (982). The following empitical relationship was
derived from data collected in the hydraulics Jaboratory and was used in
the calculator model:

Ca/Cgp = 1.03/(0.40 + ny) (8)

For outlet holes in the side of pipe, Cwo = 0.65 is the value of C, as the
water velocity in the pipe approaches zero. Other types of outlets have
been calibrated in terms of the effective area with Caq = 0.65 (USDA-
ARS Kimberly Staff, 1985).

Equation (8) fits the measured data for r, > 0.05. For values of 0 < r, <
0.05 Eq. (8) may not be accurate. However, this region represents such a
small portion of the outflow distribution that inaccuracies in this region do
not affect the results appreciably.

Equation (8) does not hold for outlets such as are shown in Figs. 14-16,
where the constriction is not at the surface of the pipe. Constant C4 values
are often assumed for these types of outlets.

3. Operation of Computer and Calculator Models

a. Midsection Flow. When water flow is from the pipe midsection
(not flowing from the first or last outlet of the pipeline), inputs to the
model are pipe inside diameter; roughness, and slope(s); outlet size(s) and
spacing; and system supply rate(s). The supply rate may vary with time
but should be limited to 0.85 of the flow capacity of the pipe. As shown in
Fig. 17, the hydraulic head, which is measured from the center of the
outlet, becomes zero at some point upstream from the plug. For the case
of constant outlet size and spacing and uniform pipe stope, the distribu-
tion can be calculated directly by starting at the upstream end where the
head is known (h = 0), and calculating outlet flows downstream until the
accumulated outlet lows exceed the supply rate. This method is simple to
program and operate and has been adapted to both programmable calcula-
tors and microcomputers.

When outlet spacing or size or pipe slope change, the point of zero head
relative 10 the change is unknown, so a successive approximations proce-
dure is used to determine the hydraulic gradeline. Starting al the down-
stream end, a value is assumed for the piezometric head, /i, at the last
flowing outlet. The outlet discharge and pipe flow are computed, and the
changes in head are computed from downstream to upsiream. When the
piezometric head becomes zero, the total accumulated flow is compared
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with the known inflow rate. If supply rate exceeds the sum of the outlet
fiow rates, the assumed head h, is increased; or, if the supply rate is less
than the sum of the outlet rates, A, is decreased and the process is re-
peated uatil the sum of the outlel flow rates is within 1% of the supply
rate. This iterative version of the model runs much more slowly and has
only been used on minicomputers.

Predictions of outlet flow rates using this model are shown in Figs. 2-4
and in Kemper e7 ai. (1981}, Kincaid and Kemper (1982), and Goel et al.
(1982). Figure 8 indicates the degree of agreement of outlet flow rates
predicted by the model with those measured in the original cablegation
system. Deviation of experimental points from the predicted line were
shown {Goel et al., 1981) to be assaciated with devialions of outlet eleva-
tions from the designed grade.

b. Startup Models. For the initial or stariup period, the procedure
musi be modified. Three modes of operation are described for startup as
shown in Fig. 19. In modes 1 and 3 a constant rate of supply, Gy, is
provided, as is the case in most irrigation supply systems. Mode 2 is used
when elevation of water in the distributory is only slightly higher than the
highest area Lo be irrigated.

Mode 1: Constant inflow. The plug is held stationary jusi beyond the ith
outlel for a specified time, #;, and then allowed to move ai a constant rate.
Supply rate, Q, is constant from time zero. Initial outlet flow rates are
constant until the plug begins to move and then decrease slowly to zero.

443
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MODE 1: CONSTANT INFLOW

Q= Omax

- conlegution pipeline
= =

@ T | :

MODE 2: VARIABL,

conntant heod

Supply g
Sewrer

MODE 3 D'VERTED INFLOW

|___an| 1
Ievel gated pipe .
= pe— ..__lb__ﬂ

1. 19, Modes of operation an stariim.

To obtain adequaicly high lows from outlets near the supply stnicture,
thexe outlets must generally be larger than thosc farther down the line.
For details on outlet modifications to help compensate for dilferent supply
times on the end sections. sce Kemper et al. (198!).

Maode 2: Variable inflow. The plug starts moving at the first outlet from
time zero. Supply rate is initially equal to the flow rate from the first outlet
add supply mte gradually increases as the plug moves, opening additional
outlets, until a maximum specified flow is reached. The head at the first
otitlet gradually decreases to zero. The supply rate is controlled by an
orifice of specified area which allows water into the supply box under
constant upstream head as shown. Head in the supply box decreases as
additional outlets open unlil the water surface is lower than the first
ortlet.

Mode 3: Diverted inflow. The plug moves from time zero as in mode 2,
Initially, the full supply rate is diverted to a level gated pipe of large
diameter at an clevation slightly higher than the top end of the cablegalion
finc. The level pipe extending to the left of the inlet box comprises an
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F1a. 20. Time distribution of rate at which cablegation lines take water for startup
modes 2 and 1.

initial set. As the plug moves, the flow into the cablegation pipe increases
until atl flow is diverted o the cablegation side. The total area and eleva-
lion, h, of the outlet(s) in the level pipe are specified. Figure 20 shows an
example of the time distribution of supply rate to the cablegation line
assuming modes 2 and 3.

For all startup modes, the calculation procedure is as follows. The
piezometric head for the first outlet is assumed, the inflow rate is deter-
mined, and calculation proceeds downstream to the plug. If the calculated
accumulated flow is larger than the inflow rate, head assumed at the firsi
outlet is decreased or vice versa. The inflow rate is then recalculated, and
the procedure is repeated until the flows balance. As the plug moves down
the pipe, the head at the first outlet decreases and finally becomes zero.
At this time the calculation procedure is switched to the previously de-
scribed method for the midsection.

€. Completion Modes. When the plug reaches the end of the pipe,
there are at least three ways of completing the irvigation:

1. Inflow conlinucs at the same rate after the plug reaches the end of the
line until a desired gross or net application has been applied at the last
furrow. It is difficult to obtain uniform net application with this method
because the intake opportunity time for the last furrow is less than for
furrows farther upstream, Qutlet sizes may be increased at the lower end
to produce rapid advance and increase the wetted perimeter which will
minimize the final set time required. At the top end of this final set,
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decreasing the orifice size can decrease the tendency for excess irrigation
on these furrows, which are supplied with water for a longer time period
(for more details on orifice size adjustments, see Kemper ¢ al., 1981;
Kincaid and Kemper, 1982).

2. Begin decreasing supply rate when the plug reaches the end. The
inflow raie is decreased linearly to zero over a lime period equal to the
width of the flow distribution divided by the plug speed. This method
simulates the transfer of flow to a second cablegation line (operating from
the same inlet box but at a lower elevation (e.g., in the Klompein system
described in Figs. 71-73 of Kemper et al., 1985} in which the plug in the
second line starts to move when the plug reaches the end of the first line.
This method allows more uniform outlet and stream sizes and resuits in
water supply to the bottom end furrows of the first line and top end
furrows of the second line similar to that provided in the midsection.

3. When the plug reaches the end, the cutflow rate past the plug is
allowed Lo increase slowly from zero to maximum rate, simulating the
transfer of flow to a second plug system downstream. This transfer can be
accomplished by letting the plug move into a standpipe at the tail end of
the first line which is connected to a downstream cablegation line and
allowing the flow to back up behind the plug in the second line, which then

conirols the flow.

The foregoing methods consider the startup and complelion phases
separately. The plug bypass methods described in Scction V effectively
eliminate furrow supply deviations at both top and boltom ends.

d. Incorporate Soil Infiltration Characteristics, Furrow Flow, and Run-
off in the Computer Model. An expanded model developed by Kincaid
(Kincaid and Kemper, 1982) incorporates infiltration characteristics of the
soil and requires a computer, Given an infiltration-rate-versus-time equa-
tion for the soil, this model predicts runoff (as in Fig. 21) and infiltration at
different locations in the furrow-irrigated field. This expanded model also
allows prediction of runoff as a function of delivery system characleris-
tics. The limiting factor on the accuracy of these predictions is the accu-
racy and variability (and common unavailability) of the infiltration-rate-
versus-time equation.

C. DEVELOPMENT AND USE OF RELATIONS BETWEEN RELEVANT
Factors COMBINED IN DIMENSIONLESS PARAMETERS I'OR
PeERFORMANCE PREDICTION AND DESIGN

Kincaid (1984} used the computer model to develop and evaluate equa-
tions involving dimensionless variables which enable individuals without
access to a computer to develop designs for cablegation systems.
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pared with measured rates (average of eight furrows).

|. Reasons jor Use

The design of cablegation systems using the mathematical modei is
partially a trial-and-refinement process. The pipe size is easily determined
for the given pipe slope and total flow. A trial outlet size is specified. The
outlet flows and heads are calculated beginning at the upstream end, or
first flowing outletl, and continuing until the maximum head and flow at
the plug are determined. The resulting stream sizes are input to the intake-
furrow-advance progiam, and the distribution of infiltrated water and
runofl are determined. If the stream sizes and infiltration distribution are
not as desired, the oullet size is changed in the direction nceded and the
process repealed. The computer goes through these iterations fairly
quickly. However, it saves the designer time if be can specify the furrow
length and intake characteristics, determine the stream size(s) required to
oblain an acceplable intake distribution, and calculate the outiet size di-
rectly without calculating the entire distribution. The relationships be-
tween dimensionless parameters discussed in this section enable this di-
tect determination and provide a simplified design proceduse. The
parameters are imade dimensionless as far as possible to reduce problems
of converting units and 1o generalize the solutions. The relationships were
derived through empirical correlation of the dimensionless parameters
using output {rom the computer model.

The analysis is presented jn two parts, the delivery system (pipe flow
distribution) and the infiltration distribution.
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>. Scaling Factors in the Delivery System

There are six independent varinbles that mus! be considered in design-
ing cablegation systems: the pipe slope; S; pipe inside diameter, I; total
flow rate, (7; Hazen-Williams pipe roughness parameter, ¢ and outlet
spicing, L. Two dependent varinbles. the piezometric head at ihe plug,
H,., measured from the top of the pipe, and the distance, X, along the pipe
in which outlets are flowing, are incorporated into dimensionless parame-
lers by dividing them by the pipe diameter, 1. The outlel area, A, and
spacing, L, are combined in onc dimensionless parameter. A/LD, which is
equal to the ratio of the width of an equivalent continuous-slot outlet to
the pipe diameter. The other dimensionless parameters are the pipe slope,
3. the ratio of the total flow to the pipe flaw capacity, Q/Q.; and the pipe-
roughness ratio, C/150, where C = 150 is the value uscd lor most PVC
pipe. The flow capacity can be determined by Eq. (1a).

Dimensionless equations for the head, iy, at the outlet nearest the plug
and distance, .Y, were developed by inputting many combinations of the
tependent variables into the computer model. Ranges of the variables
nsed were pipe sizes from 100 to 400 mm, slopes from 1.00] to 005 C
values from 110 to [50, and flow ratios Q/0. from 0.5 t0 0.95. Qutlet areas
1anged from 20 to 8,000 nun? except that outlet size was limited to less
than 30% of the pipe diameter. Outlet spacing ranged from 03 to 1.5 m,
The following dimensionless equation predicts the maximum outlet head
within + 159 when the dependent variables are within the above specificd

ranges:

H /D = 12.10CHS0 ST O M LD A Y m
A shmilar equation predicts the outlet flow distance X within * t0%:
XID = 8ACHSN QIO P LDIAP Y (1

For Eqs. (9) and (10), the same units of length must be used for /1, D, A,
and 7. within any of the dimensionless parameters. After the head has
been determined, the maximum outlet flow rate, g,,. can be determined
within =7% by Eq. ().

The number of flowing cutlets is N = X/L, and the average stream size
is ¢ = /N, The ratio of the average 10 the maximum streamn size, @/ G
gives an indication of the shape of the flow-distribution curve. A ratio of
0.5 indicates a lincar decrease (similar to the curves in Fig. 3 where
0/Q. > 0.8}, while higher values of ¢/g,, indicate that the flow rate de-
creases slowly initially and then decreases rapidly to zero,

Equations (9} and (3) can be combined and the head eliminated 1o yield
an equation for outlet area, A, as a function of maximum furrow supply
tate. gy, as Tollows:
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where D and 1. are in millimeters, /l is in square millimeters, and g, is in
liters/minute.

Equation (1§} can bhe used to determine the outlet size required to
produce a desired maximum stream size. The cable tension, f, is given by

=17 % 10°%D¥H, + Di2) (12)

where H, + [)/2 is the head in millimeters at the outlet nearest the plug,
measured from the center of the pipe.

These equations can serve as the basis of a simplified design method for
cablegation systems where the desired stream size(s) are known or have
been determined by the method outlined in the following section. They
can be used separately or in conjunction with the computer model to
reduce the trial-and-refirement process in outlet-size determination.

3. Dimensionless Relationships to Predict Spatial
infiltration Distribution

Fumrow infiliration can be modcled reasonably well by the time-based
function
z=al* (13)

or in the rate form
aziag = abTt ! (14)

where 7 is the equivalent depih of intake in millimeters or liters/square
meter bascel on gioss field area, T is the time in hours since the beginning
of wetting, and ¢ and b are constants.

A parameter characterizing the average initial rate of application per
unit area is g,/I-L’. where g,, is the initial furrow supply rate, E is furrow
length and I’ is furrow spacing. This is divided by the intake rate, 82/37,
at 1 hour, which is ab, to obtain the dimensionless parameter, g./
(EL'ab). The gross depth of water application, G, is total volume of water
delivered to the fiurow divided by the area, EL’, served by the furrow.
The value G is divided by the 1-hour intake depth. a, to obtain the dimen-
sionless parameter (G/a. The percentage of runoff is a third dimensionless
parameter. Surface storage was ignored in the volume balance-type sur-
face hydraulic model, so specific effects of furrow parameters, such as
furrow slope. roughness, and shape, are not considered.

The shape of the furrow supply hydrograph is relatively constant. The
ratio q/qe is related to the ratio Q/Q,. Values of Q/Q; of 0.9 and 0.5 give
values of ¢/g, of about 0.5 and 0.6, respectively. Thus the maximum
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furrow supply rate, g, and desired gross application, G, which determine
the plug speed, completely characterize the inflow distribution. The plug
speed is given by the equation

P = QIEG (15)

where, when Q is in liters/minute, E is meters, and G is millimeters, then
P is in meters/minute.

The series of computer runs used to develop the following application-
intake relationships used values of ¢/gm of about 0.5. The relationships
shown in Figs. 22-24 were developed for the intake parameter, b, having
values of 0.3, 0.5, and 0.7, respectively. The solid lines were computed
from cablegation simulations with decreasing furrow supply rates. The
dashed lines were computed for a constant furrow supply rate cqual to the
average flow rate provided by the cablegation system. These figures can
be used to estimate the initial (or constant) stream size required for a
specified percentage runoff and gross application, given the length of
furrow and intake characteristics of the sail.

Predicted water absorption at the bottom end of the furrow divided by
that at the top is plotted in Fig. 25 against percentage runoff for a soil with
intake rate defined by Eq. (14). Since the value of a in Eq. (14} is charac-
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teristic of a soil, increasing valves of Gla represent proportionally in-
creasing amownds of water supplied (or slower plug speeds on the cablega-
tion systems). Different values of G/a for the constant lutrow supply
system had little effect on these cueves, so the single lincs on the right of
Fig. 25 are reasonable estimations for ail values of G/a. The distribution
becomes more uniform as the percentage runoff or gross application in-
creases. The infiltration rate, as characterized by the value of b, has a
marked influence on the ratio of intakes at the bottom and top ends.

4. Use of Dimensionless Equeations and Figures 1o Dexign
Cablegation Systems

As an example of how (o use these equations and figures, consider the
following set of parameters describing the features of the land for which a
system is to be designed.

For values of b = 0.5 and G/a = §, Fig. 25 shows that 1 5% runoiT would
give a bottom end/top end intake ratio of 0.74, which is acceptable, Using
Fig. 23 with 15% runoff, the value of 9m/EL’ab is found to be about 0.9,
Thus, the maximum furrow supply rate, qm. is estimated as 0.9/El"ab, or
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Parameter Value
Slope along headline, § 0.003
Water supply rate. 2,200 literstmin
Ivisiance between farrows, L* 762 mm
I.ength of furrows, E nm
Intake afler [ hour, 2 0.0Y m/hour
Intzke time exponent, b 0.3
Gross {(average) application, 9.150 m

gm = 0.86(300)(762)(0.03X(0.5} = 3000 litcrs/hour = 50 liters/min. Equa-
tion (1) is used 10 determine pipe size and flow capacity. At this slope and
with C = 150, Eq. (1) shows that pipe with inside diameter of 248 mm
(nominal 10-inch diameter plastic gated-pipe size) can carry . = 2,780
liters/min. The flow ratic is @/Q. = 0.79. Equation (3) is used to calculate
the outlel size, 750 mm?. The maximum outlet head is calculated by Eq.
(9), I, = 147 mm. The Aow distance, X, calculated from Eq. (10), is about
66 m, and the number, N, of flowing outlets is 86. From Eq. (15}, the plug
speed, P = Q/EG = 2,200/300 x 0.15 = 4% mm/min, or about .05 m/min.
According to Fq. (12} the cable tension, f, will be about (30 N.

. -
V. Arrangements (o improve Application Uniformity

A. Furrow Surrly VARIANCE AT THE Tor aND BottOoM ENDS
OF THE I1rr

1. The Problem

Mos! canal or pump supply systems provide r constant rate of water
supply. Cablegation systems are easily designed to accept this constant
rate when the plug is in the main midsection of the line. However, if the
plug is started near the inlet, the few Aowing outlets cannot dispense the
full supply rate, so the water level will rise in the inlet structure uatil it is
near the supply level. If the supply level is higher than the top of the inlet
structure, over-lopping of the inlet structure may occur.

To avoid this incapacily to accept part of the full water supply, the plug
can be started at a position down the cablegation pipeline which is equal
to about two-thirds of the length of line (X) from which the outlets are
normally fowing. If the inlet structure has sufficient free board, the water
level therein will increase until the constant supply rate is being dispensed
through two-thirds as many outlets as flow normally. To adequately irri-
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gate the top end furrow, the plug can be held in this posilion until suffi-
cient intake opportunity time has elapsed and then it can be started mov-
ing at its normal speed. However, this provides the rows which were
immediately upstream from the plug’s initial position with greater intake
opportunity time than it does the furrows near the inlet structure.

When the irrigator has adjustable outlets he can help compensate for
this disparity of intake opportunity times by decreasing the opening area,
stream size, and consequent weited perimeter of furrows immediately
upstream from the initial position of the plug. He can also increase the
outlet openings near the inlet which increases the advance rate and wetted
perimeters of those furrows and allows adequate infiltration in a shorter
time,

There are similar problems at the bottom ends of the field. Oullet ad-
justments can improve the application uniformity at the ends of cablega-
tion systems to levels better than those commonly cobserved in most sur-
face systems (i.e., Kemper er al., 1981). However, need for such
adjustments complicates the desiga and operation of the system and bet-
ter application uniformity can be achieved by the bypass approach dis-
cussed below,

2. Bypass Systems

a. Bypass Lines. A bypass pipeline at the top section of the cablega-
tion line (Fig. 26) can provide improved furrow supply paiterns at both
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MHvence Aleng Coblapation Line
Fic. 26. Bypass pipeline to reduce supply time deviations at top and botiom ends of
cahlegation lines.
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ends of ihe line. The inlet structure and weir are made as indicated at the
top of Fig. 26. The lower end of the main line is closed with a plug or cap.

The system is staried with the plug at the upper end of the main line and -

the total flow going into the bypass line. This low goes to the lower end of
the main line and starts irrigation at that part of the ficld. As the plug
moves, it starts flow from the outlets at the upper end of the main line, and
the flow in the bypass line decreases. As the plug progresses, more of the
water flows into the main line at the top end, and the water supply through
the bypass 10 furrows at the lower end of the main line tapers off. Finally,
all the flow goes directly into the main line, and irrigation ceases in the
bottom section of the line until the plug gets there to complete the water
application. When the moving plug reaches the end of the line, each outlet
has had water supplied to it for the same length of time, and irmigation is
complete. No water is lost from the end of the pipe system, and more
uniform distribution is achieved. Several instaltations involving bypass
systems have utilized weirs designed by the computer program discussed
by Kincaid and Kemper (1984). These weir sizes provide practically eqGual
flows from all outlets from the pipe.

Plan and elevation views of a weir and bypass pipe are shown in Fig. 27.
The bypass flow goes over a weir, through a parallel pipe, and enters the
cablegation line at distance X from the inlet structure. The bypass pipe
may be the same size as the main pipe but can somelimes be one size
smaller. The bypass flow is controlled by an overflow weir at the inlet
structure. The weir width is designed so that the head at the plug remains
nearly conslant as the plug migrates down the cablegation line. The weir

S4as1ing Plug Positian F lnwing
Durists
-
1ahow - g - £ >
—_—t Q—r o Plugged
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| , -
Bypass Fiow Bypass Pipe Plan View
[
Initied Water Level .
—— Reeniry
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Final Water Levsl
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Fii. 27.  Plan and elevation views of a bypass pipe and weir.
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crest is placed at an elevation above the first outlet equal to the velocity
head in the main pipe with full supply. Ideally. the weirs should have
curved sides; however, rectangular weirs provide a flow distribution close
to those desired and practically eliminate differences in supply rates and
times at end sections compared to midsections (Kincaid and Kemper,
10841,

h. Bypass Plugs. The bypass function can also be achieved tusing a
flow-through plug which initially bypasses most of the flow and closes
stowly while it travels the first set length (X). Design and construction
details of these plugs arc given by Kincaid and Kemper (1984) and Kem-
per i al, (1985). While a few farmers are using them, bypass plugs are still
in the developmental stage.

R. INTAKE VARIABILITY AT THE Topr AND
Botrrom Enns oF Furrows

V. The Problem

Intake of water by a seclion of the furrow is primarily dependent on
intake rate of the soi). wetted petimeter of the fusrow, and time for which
watcer remains in (hat section of the furrow. A design objective of cablega-
tiow systems is lo improve intake uniformity. To some extent, more uni.
torm intake times are achieved by high initial! flow rates of cablegation
systems which advance water quickly to the bottom end of the furrows and
minimize differences in intake opportunity time between the top and bot-
tom ends.

The inherent cutback flow of the cablegation system reduces mnofl,
However, when furrow supply rates decrease below (he infiltration 1 ate,
water begins to recede from the bottom ends of the furrows. This de-
creases application uniformity, For instance, in the system depicted in
Fig. 21, water is not reaching the ends of most of the furrows after 9.5
hours, and waler added after that time is absorbed by upper reaches of the
furrow. which have already had longer intake opportunity tinte than the
hottom end,

I water intake rate by the soil remains relatively high throughout the
full period of normal cablegation delivery to the furrow, water ceases to
reach the tail end of the furrow af an carlier time and final intake rates are
high, so nonuniformity due to tail-end recession is appreciable. However,
if the soil has a high initial intake rate and that rate declines rapidly to
lower and lower values, water continues to reach the end of the furrow tifi
near or afler the end of the supply time, and distribution uniformity is not
significantly decreased.
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2. Benefits Derined from a Sharp Cutoff of Furrow Supply

Uniformity of intake oppertunity time is improved if the inflow to each
furrow is cut off when the runoff from that furrow ceases. Figure 28
shows the furrow inflow and runoff rates calculated when the supply is via
normal cablegation, via cablegation with cutofl outlets, and via gated pipe
or siphon tules (constant supply rate). For the cutoff Bow case, the cutoff
flow rate (21 lilers/min) was selected so that the cutoff occurred at about
the same time that runoff ceased. The size of the cutoff outlets was
reduced in order to obtain about the same percentage runoff (199 on the
cablegation-supplicd systems). Gross application was 150 mm in all cases,
The initial stream size was slightly smaller, and the beginuing of runoit
was delayed. as shown. for the cutoff compared with the regular cablega-
tion systemn. Figure 29 shows the effect (calculated using the computer
model) of culofl outlets on intake along a furrow when intake rate is
7.37%I mm/hour and T is the hours for which water is in that section of
the furrow. This example shows a case of severe tail-end recession due to
high b and extremely high (/0. values.

Figure 30 shows the effects of cutoff outleis on intake along a furrow
when intake is 28794 mm. The initial intake rates are higher for this intake
function than for that used in Fig. 29, but after about 6 hours, the intake
rates are Jower than in the previous exampie. The relative improvement of
the distribution because of cutoff is less than that shown in Fig. 29, where
the infiltration rate was higher when flow ceased to reach the end of the
furrow.

In general, cutoff supply, as provided by siphon outlets of the 1ype
shown in Figs. 14 and 15 {and to some extent by spigot-type outlets as in
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Fig. 16), significanily improved intake uniformity when intake rates are
sustained but has little effect when intake rates diminish rapidly, or

0/0. < 0.6.

V1. Instaliation

A. PrELIMINARY DESIGN AND CosT ESTIMATE

When deciding whether to install a cablegation system, a preliminary
cost estimale is needed. Normally, the pipe is the major portion of the
cost. Length of pipe required is usually the length of the previously used
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supply ditches or pipes at the head of the field. Specific information essen-
tia] to choosing pipe size includes the maximum rate of water supply
which must be carried by the system and the minimum slope that will be
encountered along the line. In calculating minimum slope, it should be’
remembered that some heud loss will occur at inlet structures, trash
cleaning structures, etc., at the top of the line.

The cosi of the pipe increases rapidly with size, and required pipe size
decreases as minimum slope increases. Grading along the headline to
make the slope more uniform can often increase the minimum slope and
may reduce Lhe pipe size and cost. The second factor affecting pipe size,
the required water supply rate, can be adjusted downward on some {arms
by dividing targe supply rates into two or more systems.

In addition to the cost of the pipe, there will be costs for the control
system, inlet structure, outlet gates, trash screens, engineering, grading,
and installation. The control system, cable, and plug will cost between
$300 and $1,000 ( 1986 dollars) depending on size and sophistication, Grad-
ing and installation will depend upon earth movement requirements, but
will generally be less than $3.00/m. A rough first approximation is that
lotal costs may be about double the pipe costs.

In some cases, farmers may have the equipmenl, training, and experi-
ence 1o design and/or insiall their own systems. In the United States,
Department of Agriculture Soil Conservation Service and Extension per-
sonnel are qualified to help. For farmers with limited time and who do not
have the equipment or surveying skills needed, commercial installers are
available in some areus to provide these estimates and the installation.
Commercial insiallers with laser- or wire-guided Irenchers can install
cablegation pipe to a precise grade.

B. FaTTING 11 SYSTEM 10 THE FARM

I. General Information Needed

The primary prerequisite for a cablegation system, in addition to the
normal soils and topegraphic requirements for surface irrigation, is an
available hydraulic grade along the proposed pipeline of at least 0.002
m/m. This grade is least expensively provided by a uniform ground stope
across the top of the field, although grade can be created by land move-
menl or the usc of oullets on risers. The water supply eievation must also
be higher than the top end of the proposed pipeline.

If the field has been surface irrigated before, these prerequisites proba-
biy exist. Information on previous irrigation practices, including number
of furrows irrigated per set and total supply rate, provides good first
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" estimates of required flow rates. If the field has not been surface irrigated
before, irrigation practices on nearby fields are another source of the first
estimates. Soil Conservation Service soil maps and irrigation guides pro-
vide surface irrigation design parnmeters for many agricultural areas in
the United States.

A primary purpose of automated systems is to reduce the fabor input
and frequency of inspections needed to provide proper distribution of the
water. This cannot be achieved if water entering the cablegation line
catries significant amounts of irash, which can block or partially block
outlets. Turbulent flow ‘‘self-cleaning’ screen systems have been de-
signed which will remove the trash. They require 150 mm or more of head
for proper operalion {Bondurant and Kemper 1985). If this amount of
head is not available, electric-powered screens {e.g., Humpherys, 1985)
can be installed if the power is accessible.

2. Specific Elcvations Needed

The first field data required to design a cablepation system are the
elevation of the water supply ail the inlet to the field and a profile of
elevations along the edge of the field where the proposed pipe will be
placed. Shots should be taken and elevations should be determined rela-
live to a fixed benchmark at 10- 1o 20-m intervals and the locations
stiaked for future reference.

The profile is used to detcrmine whether cut or fill will be needed along
the headline to provide the desired uniformity of grade and whether the
water supply elevation is high enough to serve the system. Where possi-
ble, it is ndvantageous lo lay the pipe on a constant slope. However {as
discussed by Kemper ef al., 1985), changes in slope can be accommo-
dated. Increases in stope resull in increased pressures in the line near the
plug and consequently must be accompanied by decreases in outlet size lo
keep flow rates and limes uniform. Near the transitions, the slope on one
side of the transition affects pressure on the other and intermediate outlet
sizes are necded to achieve delivery rates and times reasonably simifar to
those above and below that transition. The optimum outlet sizes at such
transitions change il total supply rate to the pipe or the desired outlet flow
changes. Although the computer model can calculate these optimum pat-
terns, in practice, adjusiable outlets allow farmers to set them as required
and to provide the desired furrow flow rates,

I the outlets need to be lower than the existing ground level, cuts along
the pipelinc may be needed in those reaches. Downfield slope should be
checked in those reaches to deteomine how far the cut must extend into
the field to ensure that water will flow away from the pipe outlets. Gener-
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ally, the downfield slope of this cut area should be no less than 0.002 m/m.
Where fill is needed under the pipe to maintain the desired slope it Is not
generally necessary to extend the fill into the field, but some protection of
the soil against erosion may be needed,

While the primary factor determining the slope of the pipeline will be
the slope of the land, head losses in structures and connecting pipe often
use substantial portions of the elevation difference between the supply
and the tail end of the system. Consequently, the structures and connect-
ing pipes and their associated head losses must be planned before the final
pipe grade is determined.

3. Supply Pipes, Connectors, and Associated Head Losses

a. When Supply Head Is Not Limiting. In some cases water supply
elevations are hiph coough above the highest comer of the field to provide
the desired head at the top end of the cablegation line and accommodate
intervening head losses. If sufficient supply head is not available, a com-
plete bypass operation will not be possible. To determine whether the
supply head is limiting, it should be compared to the elevation of the
highest comer of the field plus the planned head in the orifice next to the
plug, plus the following set of possible head losses (indicated in Fig. 31A).
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Fic. 31. (A) Head losses contmonly encountered. (B} Effects of sireamlining on en-
trance losses.
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k. Friction loss in the pipe or ditch catrying water from the supply
source {o the cablegation input structure,

2. Head loss at the screen structure which removes trash from the
water.

3. Head loss at a structure which allows water measurement or pro-
vides power for the cable-speed-control system (in some cases these func-
tions are not needed and this head loss will be zero).

4. Head loss, h {meters), through the cablegation supply struclure
which is due to the dissipation of velocity head at the cxapansion into the
structure, and the need to contract the flow and restore its velocity as it
enters the cablegation line.

Piezometric head loss required 10 accelerate the water—which is travel-
ing at velocity, V., in the structure back up to its pipeline velocity, Ve—
and to achieve its contraction into the pipe is estimated from the equation

k=10 + V2 - vhig (16)

where g is the gravitation constant (9.82 m/sec?) and j is the contraction
loss coefficient. The contractional loss is dependent on the shape of the
entrance, and its coefficient, j, can be reduced from about 0.5 to 0.1 by
rounding the entrance (Fig. 31B).

As an example of the magnitude of the acceleration and contraction
head losses, consider that water jn a structure has an average velocity of
about 0.1 m/sec and that it accelerates as it enters the pipe to 1.2 m/sec.
The acceleration head loss according to Eq. (16) will be 0.08 m, and a
nonstreamlined entrance (j = 0.5) causes an additional 0.04 m of head
loss. If these losses are incurred al all three of the pipe entrances indi-
cated in Fig. 31A they can result in a total of 0.36 m of head loss. Siream-
lining the entrances would reduce the foss to about 0.24 m.

The maximum head required at the first outlet from the cablegation pipe
is greater if the pipeline has considerable slope and if a bypass line and
weir (as indicated in Fig. 26) are being used to maintain the same flow
pattern from equal-sized outlets all along the line. During the early portion
of the bypass stage, velocity of flow into the cablegation line is slow, so
acceleration and entrance head losses to the cablegation linc are negli-
gible.

b. When Supply Headls Limited. Many irrigation supply sysicms are
buitt with operating levels in the distributaries less than 300 mm higher
than land which they are to serve, Under such conditions. the following
alternatives will often adapt a cablegation system to the sitwation. As
indicated in the previous section, streamlining all entrances to pipes from
structures will reduce heud loss. Larger pipelines reduce transmission
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head loss. If clectric power is available, an electric-powered screen (e.g.,
Humpherys, 1985) at the takeoff from the supply lateral can practically
eliminate head loss used in trash removal. In some cases it has been
relatively inexpensive to plane the top corner of the field to a lower
elevation to reduce the required head.

The head required to push the desired furrow supply from the first
outlet is a funclion of the outlet size, When adequate head is available 1o
keep the size of that first cutlet equal to the other outlets (h, at the first
outlet), calculation of the height and width of the bypass weir is relatively
simple. However, if the supply does not have that much head, the first set
of outlets can be opened larger than the others, and ihe initial head can be
reduced by widening the bypass weir. On cablegation lines with steep
slopes, this can reduce head required at the supply structure from as
much as | m above the top of the cablegation line to as little as 0.1 m. This
reduction in head required at the cablegation supply structure may reduce
the size of that structure. The computer model can be used to compute
the required weir width and outlet sizes near the inlet for a given avail-
able supply head. The outlet sizes can then be decreased linearly across
the first set (i.e., the distance X). The farmer generally invests some
time during his first use of such systems to refine the weir and outlet set-
tings.

Where supply head has been extremely limited, startup mode 2 indi-
cated in Fig. 19, with no bypass, has been used effectively. In this mode,
when the irrigation starts, only one outlet is lowing, head losses are
negligible, and the head at the outlet is essentially equal to the supply
head. As the plug moves down the cablegation line, the waler fevel in the
supply structure decreases and supply flow rate increases until head
losses in the structures and pipelines balance the available head. Using
this startup mode, the supply head required is equal to the initial head at
the first outlet,

4. Final Design

Once the head loss that will occur in the structures and connecting
pipes is determinced, the elevation plan should be plotied. This should
show elevation of water at the supply, head loss in connecting pipelines,
head loss al the structures, cablegation pipeline grade(s) and diameters,
and original suil surface and needs for cut or fill along the cablegation line.

The final design shounld also include plans to accommodate other factors
related 1o specific lield shape, water delivery, drainage, etc. Many such
options are described in the section *‘Maodifications and Innovations to
Meet Special Requirements” and Appendixes A-D, F, H, and J of Kem-
per et al. (1985},
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. TrEen Work

This discussion has been abbreviated since it is assumed that most
readers will not be practicing installers. Installation procedures are de-
tailed in a cablegation manual (i.e., Kemper et af.. [985).

I. Preparing the Bed for the Pipeline

The most critical prerequisite for a cablegation sysiem to perform effec-
tively is having the outlets of the system on a precise gradeline. This can
he accomplished by laying the pipeline roughly to grade and then putting
the outlets on risers thal are cut to precise lengths needed at cach point on
the pipe. Most outlets, such as the regular gates on gated pipe, are at-
tached directly to the pipe. When using such directly attached outlets it is
essential to lay the pipe to within =4000S mm of the designed grade,
where S is the slope of the pipeline. Wire or laser-controlled equipment
can be used to construct pads and trenches to these grade tolerances on
lines with slopes as low as 0.002. Manual touch-up along with surveyor’s
level readings are required when using other types of trenchers on these

minimal slope lines.

2. installarion of Supply Structires

Supply structures at the head of the cablegation lines can be installed
while beds for the pipelines are being prepared. They can be as simple as
the T-structure, shown in Fig. 32. which can be constructed from a saddle
and ptilley and coupled into existing pipelines in a few minutes. Structures
of the type indicated in Fig. 33 can be fabricated from sheet metal, corru-
gated pipe. or concrete pipe, or formed in place from concrete. A male

t 4 I
A short length
I To |/of pipe can be
| Reel | added here to
| | eprovide desired
freeboord

Fic. 32, Low-cost supply structure which minimizes head loss.
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starter nipple for the cablegation pipe should be attached to the structure;
A pulley or other cable guide must be focated in line with the reel and
pipe.

In some areas where there is adequate rain for germination and early
season growth, farmers like to move their gated pipe and cablegation lines
out of the way of their harvesting, land preparation, seeding, and cultiva-
tion operations. Consequently they remove their pipe along with their
supply structures after harvest in the fall and stack them in their farm
yards. After their land is prepared, the crop is seeded, furrowed, and
cullivated, and they smooth the pipe bed and replace their cablegation
lines and supply structures. Supply structures for these systems must be
portable such as those shown in Fig. 32 or 34. Note that the structure
shown in Fig. 34 has an adjustable weir and provision for a bypass line.

Examples of several other types of supply and special needs structures
are given by Kemper et al. (1985).

3. Pipeline Installation

When the outlet structures are in place and the pad and trench prepared
to desired slope(s), pipe can be installed. Male ends should be directed
downstream, lo reduce the possibility of catching the plug or sharp-

3
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Fig. 33, Types of supply tinlel) strscteres commonly used for cablegation lines.
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prinicd debris in dhe Joins. Both rabber-gasket snd ghue jomnt e ol
pledic ircigation pipe can be used in cablegation systems.

According o PYC manafacturers, the coefticient of thesnul oy pansion
of PVC pipe s about 0.000065 m/m per degree Celsins, Using tis coclli-
cient and anticipating that the iemperidure NEEY BCrease as moch s 200
alter installation. a 12-mm pap showdd be el eacl joint ol 9.0 1 (30 11}
nipe. Achieving the desired gap is facilitided by measaring the leagth of
the bell, subtracting the widih of the desired gap, and then making s mark
ata distance rom the make ends of all the pipes equal to the remainder.

When the gluc-joint Iype pipe was used, the pipe was assembled
quickly by lubricating the male end with vegetable shortening and slipping
the goinis 1ogether as described above. Because of the fow pressares in
the pipe. cement is not necded. Expansion couplers are not necded alang
the length of the pipe it the joints are not gloed and the required paps are
el ar The joints.

Vochiuh t davrallation

Uadess preslotted gaded pipe is used. holes tor attaching onttlets must be
ad in the pipe. The omler Tocations afong the pipe are detctmined by
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measuring slong the top and marking distances (o correspondd, to the
spacing of the closest spaced corrugates Lo be used in the planned crop
rotation. The approximately 30° offset lfrom the centerline of the top
of the pipe may be quickly determined with a short carpenter’s level and
i jig.

Round outlel holes can be cut with clectric drills or hoke saws poswered
hy portable gasoline gencrators. A ronter and jig can be used o ke
rectangular shots. A gated-pipe style of PYC pipe is available with factory -
cut rectangutir holes (hat #it many of the commercially availuble slide
gales,

If fow adjustient is not reguived, outiet holes cutin the pipe are all thint
is required. Otherwise, commercially available inserts or gates are litted
into the holes in b pipe w allow adjustment of the outlet size, Cablogi-
tion outlets oved not seal or close completely since water in the pipe dous
not normally low above the outlet level. The outkel fittings shoukl nol
praject more than 12 m into the pipe, or they many interfere with the
passage of the plog.

Recent development of plugs swhich will pass regilar gates wllows caldde
gation users taseleet from the broad spectrum of commercially availdste
gales designed to adjust fow rates from gated pipe. Other gates have been
designed 1o qchicy e additionad funclions found desirable tor cablepation
systems sich as energy dissipation, redirection of the wter, and auto
matic cutolf! {ic., Figs. 11160
S Npecific Pocation Regmirenicnis

in some locations transitions (rom ose pipe size 1o another may be
needed. Varying elevation of the water supply may canse undesirabke
supply rale varivions. Waler supply may carry suflicicnt costse sediment
to partially G the pipe with sand and interfere wilh the plug movement.
Discussion of sulutions o these and other specilic problems is beyond the
scope of this articke. Solutions to many such preblems are discussed in
Kemper ef al. {1985} and subscquent yearty updates based on cablegation
workshops held wnnually at the Snake River Conservation Resciweh Cen
ter. Kimberly, Lilihe 83341, and are available from e location,

VIL. Operation

AW seeeny KrovresMeNes

Cablegation by been ased with sopply rates in the tange feom 200 (o
60,000 liters/imin, While most systems are designed for constant ~upply
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ratcs, interruption of the supply is tolerable if the walerbrake type (Fig.
11} or etectronic type of controller is used.

When system supply rates increase, a greater length of the pipe fills
with water, increasing the average head at the outlets and (he number of
ontlets flowing. This tends to increase the rate and time of supply to
furrows. The waterbrake controllers allow the plug to move faster when
supply rate increases. However, the increase in plug velocity ondy par-
tinlly compensates for the greater number of furrows flowing. and time of
furrow supply is approximately proportional to the square rool of the
system supply rate.

Trash. such as weeds, grass, crop residues, and paper products, in the
water supply blocks outlets of gated pipe systems or siphon tubes. Moni-
toring and cleaning outlets and restarting siphon tubes often consume
targe amounts of labor and the interruptions in furrow supply prevent
some crop rows from getting adequate water. Screening systems to re-
move trash from water supplies are a good investment even when the
water supply is carrying only a few pieces of trash per hour (i.c., Kemper
ot al., 1986). Since major objectives of cablegation are to allow the farmer
to attend to his other work (or get some well-earned slecp!) and uniformly
supply water to the furrows, it is even more critical that trash be removed
fiom the water supplies before they enter cablepation systems.

Bondurant and Kemper (1985) and Humpherys (1985) provide con-
struction details for screens which will remove trash, Since screen woven
with 12 wires/cm will remove most weed seeds in addition 10 the trash,
this fine mesh is recommended for use in these screening systems if weed
seeds in water e o problem.

1" Lanor REQUIREMENTS

The cablepation operator winds the cable onto the reel. aftaches the
plug 1o the cable, inscris the plug in the cublegation line, turns om the
water. and adjusts the controller so the plug moves at the desired speed.
‘These operations constitute the primary labor involved in irrigating a field
with a cablegation system. However, the conscientious irvigator will re-
turn after a few hours to determine whether his initial settings of the
ontlets and plug speed are providing (1) sufficient water to reach the ends
of the furrows in the desired time, (2) no more runofT than is needed (since
excess furrow supply increases crosion and wasles waler), and (3) suffi-
cient intake opporlunity time on a sufficient proportion of the furrows to
«atisfy crop needs till the next frrigation.

I furrow supply rate is not adequate for waler 1o reach the ends the
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operator can increase it slightly by increasing the total water supply rate,
)f he needs increases in furrow supply rate of more than 20% he will need
to increase the opening on each of the outlets. If his total supply rate is
fixed and this is a first irrigation following tillage, he may not want to
spend the time needed to open all the outlets wider (approximately 2
hours to adjust 500 outleis) because he suspects he will need to close them
down again during the next irrigation. Increasing furrow supply rates
might also cause unacceptable erosion. Another option is to reduce the
intake rate on the already wetted portion of the furrow by interrupting
(surging) the flow. This can be done by sending the plug down the line at
high speed so each furrow receives waler for only long enough to advance
the water part way down the furrows. If at least 60% of the furrow
is wetted initially and the interruption reduces the intake rate over
that length by at least 30%, in an immediately following irrigation the
water will advance to the end of the furrow. If this irrigation contin-
ues for several hours, total intake in the bottom half of the furrow will
often be as great as in the top half. The extra Iabor involved in this flow
interruplion includes unhooking the plug from the cable after its high-
speed trip, returning it to the supply structure, reeling in the cable, hook-
ing the plug to the cable, reinserting the plug in the top end of the pipeline,
and adjusting the controller to the slower speed (about V2 hour). Inter-
rupting flow generally consumes less time than changing the outlet
openings.

If water is incxpensive (or can be reused) and the irrigator’s time is
at a premium he may open the outlets wide for all irrigations and allow a
major part of the water to run off the tail end. Thereby he saves the time
that would have been used in setting and resetting outlets, interrupting the
flow, etc. The disadvantages of the **wide-open’ lahor-saving approach
are the loss tor recirculation cost) of the water and the probabilities of
substandially increased furrow erosion.

Overall, the labor required per hectare using a cablegation system is a
small fraction of that needed to set siphon tubes or outlets on gated pipe.
This fraction is even smaller if the siphon or gated pipe irrigator tries to
reduce runoff by reducing furrow supply when water has reached the
ends. An important difference between the labor required to monitor and
operate cablegation irrigation and that required for conventional surface
irrigation is that while conventional irrigation requires scheduled field
visits to change sets which ofien occur, or, at least should occur, at
inconvenient times, cablegation field visits can occur whenever conven-
ient to the operator. The operator becomes more of an irrigation water
manager and less of a laborer.
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C. MAINTENANCE

1. Pipeline

One of the most critical requirements for maintaining uniform furrow
supply (USDA-ARS Kimberly Staff, 1986) is keeping the outlets on
grade. In a few systems frost action has caused changes of a few centi-
meters in elevation of the pipeline. Water may continue to Row from
outlets in sections which have sagged and in sections immediately up-
stream from sections which have raised, when the plug is no longer influ-
encing water elevations in those sections. A quick and simple way to
check for such deviations from grade is to supply waler to he pipe at near
its designed capacity and walk the line. If any outlets are lowing, check
the height of water in the pipe section downstream from the flowing
outlets. If the water level in that section of the pipe is low, the pipe is high
in that section and needs 1o be lowered. Otherwise, raising the pipe in the
section where outlets are flowing is the solution. If the pipeline is on or
near the surface, an hour or two of shovel work can usually bring the line
back to within the designed grade tolerances. If the line is buried deep,
with risers bringing water to the surface, there is less possibility that
elevations of outlets will change as a result of frost action. If they do, it is
generully casier to lengthen or shorten the few risers involved than to
excavate and regrade the pipe. Generally less than 10% of the perma-
nently installed pipelines have required regrading.

Some farmers remove their pipelines each fall to get them out of the
way of their harvesting, land preparation, and seeding operations. They
then lay the pipelines back on the surface afler these operations are fin-
ished. A higher percentage of these pipelines will probably need some
“touch up™ on the grading each year,

Smoothness of the inside of pipe plays a significant role in jts carrying
capacily [Eq. (1)]. A variety of mossy malerials either grow on. or attach
to. the inside of pipe, and sediment often becomes entrained therein. In
one case in which NH,OH was distributed via the pipeline, CaCO, de-
posits occurred on the walls of the pipeline. Some of these materials are
rubbed off as the cablegation plug comes through the line during each
irrigation. However, if dribbling of outlets upstream from the normal set
of outlets begins, it is possible that the pipeline needs cleaning. Scrubbers
made of burlap bags or coconut fiber mats have been effective in cleaning
pipelines when the scrubbers were constructed to press firmly against the
pipe walls and were pulled downstream through the pipe with the de-
tached cable while water was flowing in the pipe. This is a two person
operation, with one person pulling on the cable and the other dragging the
emerging cable back up the pipeline where it is wound back on the reel.




CABLEGATION 31

To date. less than 5% of the cablegation lines have required such scrub-
bing. Transmission lines bringing water 10 the supply struclures are not
subjected to the regular rubbing action of cablegation and significant de+
creases in their carrying capacity are more common.

2. Weed Control along Permanenily Installed Pipelines

A common method of weed control along irrigation ditches is burning.
This is not recommended along PVC pipelines because of the low melting
point of PVC. Herbicides such as Roundup have been used to keep vege-
tation down. However, in some cases in which the pipeline is on an
clevated pad. or erosion can otherwise be a problem, good sod has been
needed and 2,4-dichlorophenoxyacetic acid sprays and a short grass have
been a satisfactory solution.

3. Controfler Muintenance

Electric-powered controllers have operated with reasonable success
without shelter in low-rainfall areas. However, they and the other control-
lers with moving chains, sprockets, etc., last longer if cover is provided to
keep them dry.

The basic waterbrake controller has no parts which are suscepiible to
damage by water and consequently needs no cover. However, the waler
inside the water race should be mixed with CaCl, or ethylene glycol to
prevent it from freezing, or it should be drained before the first frost in the
fall. Water may leak from the valve stems of waterbrake controllers when
solar radiation heats the race and raises the internal pressures to the
equivalent of nearly | m of head. Since the speed of the waterbrake
controller increases and its braking torque decreases as water is lost, it is
prudent 10 check the water level in the race and keep the race half full of
water. Clean water must be used to refill the race because the valve
openings in the baffle plates are relatively small and susceptible to plug-

ging.

4. Cables and Plugs

The twisted polypropylene and braided Dacron cables used fo date are
resistant to biological decay and can last several years. Long exposure 1o
sunlight reduces the flexibility of these materials and thus cable life will be
extended by shading the reel. However, the cost of the polypropylene
cables is so tow that most farmers do not shade their reels and routinely
replace the cablc every 2 years.

Plugs wilh paskets made of flexible, compressible PVC have only been
used for about a year and their longevity and maintenance requirements
are not known. They are constructed so the gaskets, which cost less than
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half as much as the plug, can be easily replaced. The plugs should be
stored between irrigations and during the winter in 2 manner so the gas-
kets are not distorted. Distorted gaskets allow more leakage past the plug.

S, Gudlers

Polyethylene is the most common plastic used in conslruction of out-
lets. Itis resistant to biodegradation, but is somewhat subject to deteriora-
tion by sunlight. Most outlets are designed to last for at least several years
under normal operating conditions. The main problems encountered to
date with outlets on cablegation systems is a tendency for old gated-pipe
outlets to slide when the plug passes them becsuse the clip has Jost its
strength and the gasket material has become hard and has lost its ability to
adhere to the pipe. For this reason, when old gated pipe is being con-
verted to cablegation, any old gates which slide exceptionally easily
should be replaced,

VI, Evaluation

A SurrLY VARIABILITY FROM FURROW 10 Furrow

Furrow supply rates were measured on 30 fields being served by rcgular
gated-pipe systems or siphon tubes in southern Idaho and on a few fields
in the Grand Valley in Colorade (Trout and Mackey, 1985). When regular
fixed-sct gated-pipe systems were being used, one-third of the gates
flowed at least 25% more or 25% less than the average flow, i.c., the
coeflicient of variation was 25%. One of the potential advaniages of cable.
gation systems is that. because the gates do not have to be opened and
closed with each irrigation, more effort can be spent setting them evenly,
thereby providing more uniform applications of water. Because cablega-
tion pipe is laid on a uniform grade, each outlet is suibjected to the same
piessire sequence. Consequently, outlets set to the same size will emit
the same total amount of water. There is generally a gradation of pres-
sures along regular gated pipe so the irrigator chooses belween uniform-
sized openings. which he knows provide differences in flow, or adjusts
each gate *‘by eye' to what appears to be reasonably uniform Hows,
Measurements were made on several cablegation systems to find out
whether this poteatial improvement in application uniformity is being
achieved. Al a specific time, furrow supply rates decreasc as one moves
upstream from the plug in the manner indicated in Fig. 35. Deviations of
the flow rates from the best-fit line are a measure of supply uniformity
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FIG. 15. Flow from fixed-size round hole outlets in a cablegation line at a specific time.

gimilar to deviations from the means in the gated-pipe and siphon-tube
systems.

Figure 35 shows the outlet flow from a section of the Hood cablegation
system (which is described in detafl by Kemper ef al., 1985). The outlets
on this system are 32-mm-diameter holes drilled directly in the pipe. The
coeflicient of variation of the measured outlet flow rates is only about 2%.
This means that measured flow rates of two-thirds of the outlets are within
2% of the line on the figures. These flow rates were measured by timing
the rate at which a bucket is filled and the coefficient of variation of this
measurement method is 2 or 3%, so there is essentially no measurable
variation in outlet low. This excellent uniformity is one of the reasons
that early cablegation systems were instafled with outlets consisting of
simple uniform-sized holes drilled in the pipes.

However, soil infiltration rates vary widely over the season and from
year to year and consequently most users feel they need adjustable outlets
1o do a consistently good job of irtigating.

Figure 36 shows the outlet flow rates from another cablegation system
in which gated-pipe slide gates were set *'by eye.” The coefficient of
variation of thesc flow rates was 14%, which is better than the 25% which
was the aveiage measured an conventional fixed-set gaied-pipe systems,;
but is not as good as it could be. The primary problem was that the outlet

gates were not set evenly.
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FiG. 36. Flow from slide gale outlels in a cablegation linc when flow rates were scl “by
eye””

Figure 37 shows outlet flow rates for the same pipeline during another
irrigation when the gate openings were set with a wedge. The wedge used
(o help set the gates on this sysiem is shown as an inset in Fig. 37. It has an
adjustable stop which is set to the opening width desired. The gate is
opened, the wedge is pushed in the gate slot until the stop meets the pipe
wall, and then the gate is closed against the wedge. Using this wedge, 10
set the gates more evenly, the coefficient of variation of furrow supply
rates was reduced to 4%. Nole that, due to the higher supply rate being
used in Fig. 37, compared to that in Fig. 36, the supply raie is close to the
carrying capacity of the pipe, producing the predicted dribble flow in
outlets 200 through 160. Reduction in total supply by 15% would eliminate
most of this dribble flow (i.e., see Fig. 3).

Figure 38 shows outlet flow rates from a section of the Glenn cablega-
tion system which uses barrel-spigot-type outlets (as shown in Fig. 16).
The measured coefficient of variation is 4%. These outlets have graduated
marks on the sleeve surrounding the swiveling spigot so that pointers on
the spigots can be set at the same positions, which helps improve opening
uniformity. The flow tends to cut off al about 20 liters/min. Al the setting
used, cutoff was not complete and four outlets continued to flow after the
cutoff at a reduced flow rate. About 1% of the total application occurred

after this cutoff.
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Fia. 31, Flow from slide gate outlets in & cablegation line after they were set with the
indicated wedge.

Siphon outlets of the type shown in Fig. 14 were also tested in the field
to determine whether their fixed-size orifices would further reduce the
coefficient of variation of furrow supply rates. However, since they emit
water in the bottoms of furrows, it was not possible to caich the Row in a
container and flow measurements had to be made using flumes. The coeffi-

OQUTLET FLOW RATE, g {L/min}

L)

of-
Cutoft—+
0 -
1 | | | 1 A 1 1
?JO 145 140 135 [ET) 125 120 15 114 103

OQUTLET NUMBER

FiG. 38. Mcasured furrow supply rales from a cablegation line using graduated spigot-
type outlets.
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cient of variation of the flume measurements was more than 4%, so as-
sessient of coefficients of variation of supply rate from the siphon-orifice
outlets was not possible,

Figure 39 shows elevation-induced outle! flow rate variability due to
pipe having heaved above and settled below grade. This line has fixed 32-
mm-diameter holes for outlets. When the pipe elevation was checked with
a surveyor’s level it was found that Aow rates higher than the tine were
associated with the pipe being below designed grade, and flow rates lower
than the line occurred where the pipe was above designed grade. This
points out the importance of installing cablegation lines on a uniform
grade. checking the grade every few years to see whether their elevations
may have changed and adjusting elevations, if needed, 1o keep the pipe on
a uniform grade.

Figure 40 shows the predicted supply to furrows from outlets above or
helow a designed grade of 0.005. When an outlet is 25 mm 100 high, the
relative effect on the flow rate is fairly small near the plug where the head
is high because the relative variation in head is small. But as you move
along the hydrograph and the pressure in the pipe decreases, the relative
error increases. Qutlets 25 mm lower than designed grade will flow about
1.35 times as long as outlets 25 mm higher than designed grades and will
apply 1.4 times as much water. The deviation from designed furmow sup-
ply due to deviation of outlet elevation from designed grade is shown in
Fig. 41 for.a 254-mm-diameter cablegation pipeline as a function of pipe-
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Fi1G. 39, Supply rates to furrows on a section of a cablegation line where elevations of
the pipe had departed from (he designed grade.
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line slope. The solid and dashed lines in Fig. 41 show 1he relative flows
from oullets which are 13 or 25 mm high or low from the designed eleva-
tion of the outlets. Figure 41 illustrates the importance of precision grad-
ing of cablegation lines which are laid on slopes of less than 0.005 and the
difficulty of providing uniform furrow supplies with cablegation lines on
slopes less than 0.002.

B. INTAKE AS AFFECTED BY INTAKE RaTES, FURROW SUPPLY RATES,
AND TIME

Intake rates (IR, in millimeters/hour) by furrows (data provided by the
Soil Conservation Service, USDA), in a Nebraska cornfield during the
second and seventh irrigation, decreased with time (T, in hours) according
to Eqs. (17) and (18), respectively.

IR = 13,7702 (17}

and
IR = 16,8704 (18)

The volume-balance computer model previously described can predict
performance of cablegation systems on soils with infiltration rates de-
scribed by relationships such as given in Eqs. (17) and (18). The relatively
high initiat intake rales result in slow initial progress of the water down
furrows and in intake opportunity times shorter at the bottom ends of
furrows than at the top. This difference in intake opportunity time com-
monly results in lower intake at bottom ends compared to top ends of
furrows. A measure of furrow intake uniformity is the ratio of the bottom
end intake to the top end intake.

To get water to the bottom end more quickly and thereby increase
uniformity, initial furrow supply rates should be high. However, if they
remain high, runoff and erosion will often be unacceptably high. Conse-
quently, it is commonly recommended that high initial furrow supply rate
be followed by a decreased or cutback supply rate. This is labor consum-
ing and is often difficult to do in conventional siphon or gated-pipe appli-
cation systems for which sysiem supply rate is usually constant, unless
the irvigator can divert the water not used in the latter part of each set to
storage or some other nse. Cablegation systems provide an initially high
furrow supply rate 1hat subsequently decreases.

The ideal surface application rate sequence would be high while the
flow advances to the bottom end of the furrow, and would then decrease,
at a decreasing rate o match the decreasing average infiltration rate of the
furrow. Cablegation furrow supply curves (e.g., Fig. 35-39) are some-
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what convex in shape and do nol precisely match this ideal concave
supply pattern. However, as indicated in Fig. 42, major reductions in
runoff are achieved as a result of having the decreasing cablegation-type
furrow supply rate compared to a constant furrow supply rate equal to the
initial cablegation supply rale.

The computer model was also used to predict runoff for a supply rate
that was constant and equal to the average cablegation supply rate. As
indicated in Fig. 42, this reduced constant supply rate resulted in runoff
which was only about {06% more than with the cablegation supply. How-
ever, it also increased the time required for water to reach the bottom
ends of furrows, so the bottom ends of furrows receive less water.

Runoff from rows with a constant water supply rate equal to the aver-
age cablegation supply rate, during the time prior to runoff, was also
calculated and is indicated in Fig. 42. Resulting runoff was still more than
double that occurring with the cablegation supply.

Achieving high-efficiency water use requires minimizing runeff and
maximizing intake uniformity. Inherently, thesc are compeling objec-
tives, so the isrigator is generally forced 1o accept a compromise. Cable-

Pipe Siopr 0.0025, Diamatsr = 284 mm
Supply Rate 213% L/min.
Outiat Dia. 49.9 wn, Jpacing « TE2 mm
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FiG. 42. Runofl [rom furrows with cablegation supply rates (CSR), fixed-rate supplics
equal to initial and average CSRs and average CSR prior 1o runofl.
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gation systems allow irrigators to attain a compromise that js better than
that attainable with fixed supply rate sysiems. How much better petfor-
mance can be achieved using the cablegation supply is a function of how
the intake rate changes with time. Figure 43 shows the computer niodel
predicted percentage runoff and bottom/top end intake when the intake
functions are those given in Eqs. (17) and (18). For both intake curves,
runolf is decreased by increasing the plug speed, but the rate of runoff
decrease is greater when the intake rate decreases faster. In general,
decreasing furrow supply rates provided by cablegation are most benefi-
cial when intake rates decrease most rapidly.

Furrow runoff from fixed-set furrow irrigation commonly ranges from
30 to 50% of the supply. There is no runoff for the initial  to several hours
after & new set is begun. then flow off the ends begins and continually
increases until a new set is made as indicated in Fig. 42. Irrigators are
generally able to reuse runoff with relatively constant flow rate, such as
accurs from cablegation fields, more effectively that the cyclic flows that
result from fixed-set furrow irrigation.
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The best plug speeds to optimize intake uniformity aod low runoff using
the system described in Fig. 43 are between 6 and 14 m/hour. Space-
averaged gross supply depths to the area served by the furrows raage
from about 26 10 62 mm, with 6 to 35% runoff, so water retained ranges
from about 20 10 40 mm per irrigation. This is less water than is generally
applied in nonaulomated irrigations. Applying such light applications,
irrigations have to be more frequent. Labor costs for nonautomated irriga-
tion (hand-move or wheel-roll sprinkler; gated pipe or siphon tube) are
relatively large and proportional to the number of irrigations applied.
Consequently, farmers with nonautomated systems tend to apply water
for longer periods of time so they can irrigate fewer times. The cablega-
tion user can apply “*heavy irrigations™ and avoid excessive runoff by
reducing the outlet size and thus flow rate and slowing down the plug.
However, using a cablegation system, applying a few extra irrigations
usually requires less Jabor than adjusting outlets. An additional advantage
of frequent light irrigations is less likelihood of deep percolation that
sends water and nitrates on past the root zone into the groundwater. In
some of the well-managed cablegation systems used in Colorado, Wash-
ington, and Nebraska, frequent light irrigations have been used and deep
percolation has been nearly eliminated.

While intake rates change somewhat throughout the irrigation season
le.g.. Eqs. (17) and (18) are for the second and seventh irrigation] the
largest differences are generally between the first irmigation following till-
age and the second irrigation. Soils during the first irrigation following
tillage commonly have from 20 to 200% higher intake rates than during
later irrigations. Accommaodation of such differences requires that outlets
be opened wider prior to the first irrigation and closed back te about the
original size prior to the second irvigation.

Interrupted, or surge, irrigation has reduced intake rates by the factors
needed (¢.g.. Bishop ef al., 1981; Kemper et al., 1985, p. 124) to get them
back down to where the outlet opening used the previous year will pro-
vide flow mtes high enough to get water to the end of the furrows. While
the desired rate of intake rate reduction does not always occur, it does
often occur in uncompacted furrows in freshly tilled soils, which is where
it is most needed. One flow interruption is normally adequate, but as
many as three to consolidate the wetted perimeters may be used. This can
be achieved with cablegation by passage of the plug through the pipeline
on from one 1o three fast runs, during which each furrow is wetted for
only an hour or two during each passage. If the supply is not interrupted
during oc after the lime when water is advancing through the bottom
section of the furrow, this section will generally retain a higher intake rate
than will the upper end. This higher intake rate persisting in the boitom
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seclion helps compensate for shorter intake opportunity time at the bot-
tom end. The amount of labor needed to provide these flow interruptions
using fixed-set siphon tubes or gated pipe is so great that it is not com-
monly done. Instead, the farmer commonly increases the flow rate, often
moving substantial amounts of topsoil from the top end to the middle or
bottom reaches of the fields and greatly increasing runoff. This topsoil
movement has substantially decreased top end productivity on many fur-
row-jrrigated fields (i.e., sec Carter e? al., 1985).

Another method of avoiding the large differences in intake due to recent
cultivation is to avoid cultivation. No-till or minimum-tillage irrigation
farming, wherein furrows are cleaned out as needed, but weed control is
primarily by chemicals, appears to be a viable option in many situations.
Furrow intake rates still vary with time to some extent as crop residues
accumulate, weeds grow, worm burrows intersect the wetted perimeter,
elc. However, small variations can often be handled by increasing or
decreasing total supply, or increasing or decreasing plug speed when the
supply is fixed, or by setting the outiet sizes to handle the highest intake
rates and tolerating considerable runoff when intake rates are low.

In many areas supply systems for surface irrigation are designed to
reuse runoff or tail water by bringing it back into the supply system by
gravity or by pumping. In such areas farmers are given supplies consider-
ably in excess of crop needs and relatively high rates of runoff are toler-
ated because most of this waler is not lost. Operators of cablegation
systems in such areas tend to follow local practice, setting furrow supplies
high to assure that water gets through all furrows and reducing the time
that they have to spend adjusting their system.

In other areas (e.g., in Nebraska and California) the law requires that
irrigation water be retained en the farm. This commonly requires ptmping
systems which take tail water back to supply lines. Such pump-back
systems not only save the water, but also save fertilizer nitrogen and
other chemicals that the farmer may be applying with his water, which
could otherwise become a contaminant in downstream water. The lifts
and energy required in such pump-back systems are usually relatively low
and again farmers commonly find that the economically logical decision is
to save labor by providing relatively high furrow supply rates, pumping
more tail water, and reducing time spent adjusting the system. Most of
the Nebraska cabiegation systems serve furrows with less than 0.5%
slope where furrow erosion is not a problem and energy required to pump
water back to the pipelines is minimal.

One factor which cablegation systems are unable 1o completely com-
pensate for is furrow-to-furrow variability in intake rate. The primary
cause of furrow-to-furrow intake variability is tractor wheel compaction
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of part of the irrigated furrows. Kemper et al. (1982) found that intake rate
on wheel-compacted furrows averaged about 60% of that on uncompacted
furrows. When cablegation systems provide highly uniform applications,
decreases of intake rate by factors such as wheel compaction become
strikingly apparent. On an initial overnight application to every second
furrow with one of the first cablegation sysiems, water was furnished to
93 furrows. Water in 31 furrows (every third irrigated furrow) had failed to
reach the end of the field, while water in the other 62 had reached the end.
The 62 furrows in which water had reached the end were all wheel com-
pacted and the other 31 had not been compacted. Providing round orifices
16 mm in diameter on outlets to serve the uncompacted furrows and 13-
mm-diameter orifices to serve the wheel-compacied furrows resulted in
water reaching the bottom end of every furrow in this field, solving the
apparent problem. However, the real problem was that the two crop rows
drawing water from each uncompacted furrow were being supplied over
§0% more water than the iwo rows next to each wheel-compacted furrow.
The major portion of this intake rate difference persisted through the
three irrigations of the seasom.

The only way to compensate for such differences in intake rate and
achieve uniform intake is to provide water for longer periods of time to
wheel-compacted furrows than to uncompacted furrows. Irrigators using
siphon tubes or gated pipe could make such adjustments in supply time
but do not because of extra time involved. Cablegation systems can pro-
vide water for different times to compacted and uncompacted furrows by
closing outlets to compacted furrows and irrigating the uncompacted fur-
rows, then closing outlets to uncompacted furrows, vpening outlets to
compacted furrows, and irrigating again for a longer time period.

For both the manual and cablegation systems, the additionat labor and
complications involved in selectively extending supply time to compen-
sate for compaction-induced lower intake rates are practically prohibi-
tive,

The problem of nonuniformity of furrow intake rates due to irrigatiog in
wheel-compacted and uncompacted furrows is getting worse rather than
better, as most manufacturers have ceased making three-wheeled trac-
tors. The three-wheelers were used effectively to sced, cultivate, and
furrow six rows in preparation for irrigation. If the irrigator was irrigating
every other furrow he could choose to irrigate in the three wheel-com-
pacted or in the three uncompacted furrows. If he irrigated every furrow,
each crop row had a wheel-compacted furrow on one side and an uncom-
pacted furrow on the other. It is practically impossible to fit the four
wheels of the large tractors, which cultivate 8 to 12 rows, into patterns
where the farmer is not serving water (o some crop rows via wheel-
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compacted furrows, while others are served via uncompacied Turrows,
with attendant under- or oversupply.

Since cablegation systems can supply water with coefficients of varia-
tion of the order of 4%, the most pressing complementary need is manage-
ment to redice variation of furrow intake rates which have coefficients of
variation in excess of 25%. Resulting improvements in uniformity of wa-
ter application, attendant savings of water and nitrate, and increases in
yield quality and quantity could be worth over $10° to farmers in the
United States each vear.

C. INSFALLATION, {}PERATION, AND MAINTENANCE Cosis

Cablegation lines have been installed for costs ranging from $150 to
3650 per hectare. The upper level of these installation costs, when com-
bined with $250/ha for land leveling, results in system costs near those for
purchasing hand-move sprinkler systems, which are the lowest cost sprin-
kler systems. One operator recently installed cablegation systems and a
hand-move sprinkler sysiem on his farm. Longevity of the large under-
gronnd pipeline, which was the major cost component of his cablegation
system, should exceed that of the hand-move sprinkiers. Annal opera-
tion and maintenance costs of his hand-move sprinkler system are about
$184/ha; for the cablegation system costs are less than $50/ha.

Because cablcgation utilizes a single line for both conveyance and dis-
tribution of the water and because pipeline costs are fhe main cost of
automated surface imigation systems, cablegation is penerally the least
cxpensive type of automated surface system.

IX. Applications

A. RANGE oF SoiL Tyres SUITABLE For CABLEGATION

The lower the intake rate of the soil, the lower the cost of cablegation
systems, because furrows can be longer and smaller pipelines can be
used. Cablegation on low-intake-rate soils has been described as the low-
cost trickle system. When crop canopy covers the furrows its water use
cificiency is nearly the same as that of trickle syslems.,

Soils with exceptionally high intake rates have historically been a prob-
lem for the surface irrigator because intake at the supply end becomes
excessive before ndequate water reaches the tail end. One solution to this
problem has been bordered strip irrigation in which closely planted crops




CABLEGATION 65

such as small grains or atfalfa are planted on a flat surface and small dikes
are construcied to confine the water into relatively narrow strips. High
rates of flow delivered to the top ends of such strips push water quickly
through the bordered strip and often accomplish acceptably uniform ap-
plication. Cablegation is suited to provide the frequent set changes
needed on such hordered strip systems on high-intake soils.

B. RANGE O SLOPES ON WHICH CABLEGATION SYSTEMS WiLL WORK

Cablegation systems have worked successfully where slope along the
cablegation line was as high as 2.2%. As long as the outlets provide for
energy dissipation and direction of the water to the furrows, there is
no upper limit to slopes along the pipeline that can be handled by
these systems. Stopes along the furrow are limited to those in which flow
rates required to reach the end of the furrow do not cause unacceptable
erosion. .

The minimum grade on outlets from cablegation lines that is recom-
mended (Tor reasons outlined in discussion of Figs. 40 and 41) is 0.002.
There are substantial acreages of surface-irrigated lands where the supply
end of the field does not have this much slope. In some cases the limited
existing slope has heen complemented by laying the supply end of the
pipeline on top of the soil surface and progressively trenching the pipe
into the soil, so that at the tail end of the pipeline the outlets are at the soil
surface. When 300-mm-diameter pipe is being used, this can provide
nearly half of thec elevation difference needed to achieve 0.002 slope ona
line 300-m long. Other means of complementing the existing soil slope to
achieve the minimum recommended outlet grade are to build an elevated
soil pad at the supply end, or to put the outlets near the top end of the line
on risers. In both cases here is a need to dissipate the energy of the water,
as il falls from the outlets 100-400 mm above the field surface, so erosion
will not occur. Low-cost corrugated polyethylene tubing of about 30-mm
diameter has been used effectively on such elevaled outlets to practically
eliminate erosion problems.

When water is supplied to fields via pipelines, adequate pressure is
usually available to achieve the heads needed at the supply ends of cable-
gation lines. However, if water is supplied via open channels in flat areas,
additional head may be needed. Some of the most trouble-free methods of
removing trash from irrigation water can also be incorporated into the
system if 200 mm of excess head is available. Low-head, high-volume
pumps can provide the heads needed at relatively low energy costs. Such
pumps, combined with elevated pads or outlets on risers, can adapt cable-
gation to flat lands.
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